Introduction {#Sec1}
============

The majority of plant viruses have particles that are nonenveloped and consist of only one or a few types of subunit arranged either with icosahedral or helical symmetry around a single-stranded RNA genome. In many cases plant virus particles can be produced in large quantities in plants and are generally very stable. Virus-like particles (VLPs) also can be produced by expressing the coat protein in a variety of heterologous systems, such as *Escherichia coli*, yeast or insect cells. The advent of techniques for the manipulation of RNA genomes coupled with a detailed knowledge of their virion structure and the use of heterologous expression systems has meant that plant viruses have been at the forefront of the exploitation of virus particles for applications in both bio- and nano-technology. As plant viruses are clearly biological entities which can also be considered as nanoparticles, it is perhaps best to consider plant virus particles as being used in bionanotechnology.

Plant viruses to date have been exploited in three different ways in bionanotechnology: modification of the outer capsid surface (either genetically, chemically or by a combination of both), filling of the inner cavity, and the incorporation of particles into supramolecular structures. This chapter is therefore divided into sections dealing separately with the modification of the outer surface, the incorporation of materials within particles and the incorporation of particles within higher order structures. However, it should be noted that particles with modifications to their outer capsid surface can be used to incorporate foreign material and can, themselves, be incorporated into higher order structures.

Modification of the Outer Surface of Plant Virus Particles {#Sec2}
==========================================================

The first examples of the modificationof the outer surface of virus particles involved the genetic modification of the coat protein (Lomonossoff and Johnson [@CR64]). The original motivation for this work was to modify particles to express antigenic peptides; such modified particles (chimaeras) could potentially serve as novel subunit vaccines. Subsequently, the alternative approach of chemically modifying particles was explored. Several of the amino acids within viral coat protein subunits have side chains which are suitable for chemical modification. Prominent among these are the ε-amino group of lysine, the carboxyl groups of aspartic and glutamic acid, the thiol group of cysteine and the hydroxyl group of tyrosine. When such side chains are exposed on the outer surface of the virus particle, they are addressable by a number of chemical reactants allowing the virus particles to be modified in vitro. This allows the introduction of a greater range of moieties than it is possible to introduce genetically. It is also possible to combine genetic and chemical modification of the virus surface by the introduction or elimination of defined amino acids, thereby modulating the reactivity of the virus particles. It is also possible to genetically insert peptides which catalyse certain reactions, such as the specific deposition of minerals. The capsids of a number of plant viruses with varying morphologies have been modified, both genetically and chemically, on their exterior surfaces. The main prerequisites for genetic modification are that the presence of the foreign sequence does not interfere with the ability of the modified coat protein to assemble into virions or VLPs and that the inserted sequence is, indeed, displayed on the outer surface of assembled particles. For chemical modification, it is important the reaction conditions are not so harsh that they disrupt the virus structure and that some information is available about the numbers and types of addressable groups. For these reasons, attention to date has focussed on those viruses which are known to be robust and for which there is at least some information available about the topology of the coat protein in the assembled virions.

Icosahedral Viruses {#Sec3}
-------------------

### Cowpea Mosaic Virus {#Sec4}

Cowpea mosaic virus (CPMV) was the first plant virus to be developed as a system for the display of foreign peptides (Usha et al. [@CR125]; Porta et al. [@CR75], [@CR76]) and has subsequently been used extensively for chemical modification (Steinmetz et al. [@CR109]). CPMV is a bipartite RNA virus, with the particles consisting of 60 copies each of a Large (L) and a Small (S) coat protein (CP) arranged with icosahedral symmetry in a particle of approximately 28 nm diameter (Fig. [1](#Fig1){ref-type="fig"}). Both coat proteins are produced by proteolytic cleavage of a precursor (VP60) by the virus-encoded 24K proteinase (Franssen et al. [@CR33]; Saunders et al. [@CR87]). The virus particles are attractive candidates for both genetic and chemical modification for a number of reasons: they can be purified in large quantities from infected tissue, they are very robust, surviving at 60°C for at least one hour, across the range of pH 4--10, and in some organic solvent--water mixtures, and their 3-dimensional structure is known to atomic resolution (Lin and Johnson [@CR59]). Furthermore infectious cDNA clones of both RNAs have been available for the past 20 years enabling precise genetic changes to be introduced. The availability of a detailed 3-dimensional structure of the virus particles initially enabled a rational choice to be made regarding potential sites for the insertion of heterologous peptides into the viral coat proteins such that they would be surface-exposed and would not adversely affect particle assembly (Lomonossoff and Johnson [@CR63]; Johnson et al. [@CR41]) and has subsequently proved invaluable for making precise chemical modifications (Steinmetz et al. [@CR109]).Fig. 1Structure of **a** the Cowpea mosaic virus (CPMV) capsid and **b** the asymmetric unit. The capsid is comprised of the small(S) and large(L) subunit. (Steinmetz and Evans [@CR101]) Fig. 2Transmission electron micrograph of *unstained* FePt-coated CPMV showing monodisperse mineralised particles Fig. 3Redox-active ferrocene-CPMV nanoparticles prepared with various linker lengths and coupling strategies. (Aljabali et al. [@CR1]) Fig. 4Cryoelectron microscopy of derivatised CPMV-Cys mutant. **a** Three-dimensional reconstruction of CPMV particles with 1.4 nm nanogold clusters. **b** Difference electron density map showing the nucleic acid (*green*) and the gold particles. **c** A pentameric section of the difference electron density map around the five-fold symmetry axis superimposed on the atomic model of CPMV showing that the gold is attached at the site of the Cys mutation. (Wang et al. [@CR128], with permission, Copyright 2002 Wiley--VCH Verlag GmbH & Co. KGaA.) Fig. 5Schematic for the assembly of multifunctionalised Cowpea chlorotic mottle virus particles. (Gillitzer et al. [@CR37], with permission, Copyright 2006 Wiley--VCH Verlag GmbH & Co. KGaA.) Fig. 6Chemical labelling of Potato virus X with fluorescent dyes and PEG chains using NHS ester-based chemistry or click reactions. (Steinmetz et al. [@CR112], with permission, Copyright 2010 American Chemical Society) Fig. 7Schematic of the loading of an empty virus-like particle of CPMV and subsequent chemical decoration of the outer surface Fig. 8**a** Transmission electron micrograph of Tobacco mosaic virus showing two adjacent virion aggregates filled with nickel wires. Inset: a single virion filled with a 200 nm long wire. **b** TMV containing a 200 nm long cobalt wire (Knez et al. [@CR47], with permission, Copyright 2003 American Chemical Society) Fig. 9Triple layer of CPMV particles on a gold surface. Fluorescence microscopy images (*left*) and diagrammatic representation of layer structures (*right*). The *red* and *green* flags show AlexaFluor dyes AF488 and AF568, respectively, and the black cross depicts streptavidin (Steinmetz et al. [@CR103], with permission, Copyright 2006 American Chemical Society) Fig. 10Scanning electron micrographs showing the sequential build-up of polyelectrolytes and CPMV particles. **a** Precursor polyelectrolyte thin film. **b** Initial polyelectrolyte layer coated with a layer of CPMV particles. **c** Coating of polyelectrolyte-CPMV layer with further polyelectrolyte layers. **d** Subsequent addition of another layer of CPMV particles (Evans [@CR29], Copyright 2007 with permission from Elsevier)

The initial studies on the genetic alteration of the outer surface of CPMV particles were aimed at creating antigenic chimaeras for vaccine purposes. A number of sites were identified as suitable for the insertion of foreign peptides. In most cases, the foreign peptide has been inserted into the most exposed loop of the virus surface, the βB-βC loop of the S protein. However, other sites, such as the βE-αB loop of the L protein and the βC'-βC" loop of the S protein, have also been used successfully (Brennan et al. [@CR8]; Taylor et al. [@CR121]; Chatterji et al. [@CR13]; Porta et al. [@CR77]). Generally, provided the inserted peptide was less than 40 amino acids and had a pI below 9.0 (Porta et al. [@CR77]) the yields of modified particles were similar to those obtained with wild-type CPMV (up to 1mg of particles per gram of infected leaf tissue). In each case, the chimaeric virus particles present 60 copies of the inserted peptide on the virus surface, though preliminary experiments indicate that it will be possible to utilise more than one insertion site simultaneously. Work on the production of chimaeras for vaccine purposes culminated in the demonstration of protective immunity in target animals (Dalsgaard et al. [@CR21]; Langeveld et al. [@CR54]) and the ability to correlate the structure that a peptide adopts with its immunological properties (Lin et al. [@CR60]; Taylor et al. [@CR121]). Work on the immunological properties of antigenic chimaeras is outside the scope of the current chapter and for further information the reader is referred to specialist reviews on the subject (Lomonossoff and Hamilton [@CR62]; Cañizares et al. [@CR11]; Lomonossoff, [@CR61]; Sainsbury et al. [@CR85]).

More recently, the ability to express peptides on the CPMV surface has been exploited to introduce peptides which are capable of, or promote, subsequent chemical modification. Medintz et al. ([@CR70]) introduced a hexa-histidine at various points on the virus surface and the modified particles were bound via the introduced histidines to glass slides coated with nickel-nitrilotriacetic acid (Ni--NTA). The exposed histidine sequences on the upper virus surface were then used to bind a bifunctional Ni--NTA-biotin reagent which allowed the subsequent attachment of quantum dots via the biotin-avidin interaction. In addition, it has been possible to exploit the observation that short peptides can promote specific mineralisation of virus particles. CPMV chimaeras have been produced in which peptides designed to promote the deposition of silica or an iron-platinum (FePt) alloy on the virion surface were expressed in the βB-βC loop of the S protein (Steinmetz et al. [@CR110]; Shah et al. [@CR91]). In the case of the CPMV-silica chimaera, silication was achieved via a sol--gel process. The silicated CPMV particles could be easily visualised in unstained electron microscopy images. The diameter of silicated particles was estimated to be ∼32 nm, consistent with an average silica coating on each particle of 2 nm. In a similar approach, Shah et al. ([@CR91]) created a CPMV chimaera that promotes the formation of an FePt alloy on the capsid surface to give monodisperse, hollow, FePt nanoparticles of about 30 nm diameter (Fig. [2](#Fig2){ref-type="fig"}). The mineralised particles produced in this way are highly monodisperse and are not readily prepared by other synthetic methods. Further, the process is environmentally benign; as it proceeds at room temperature and pressure, requires no organic solvents, and produces little waste.

Wild-type CPMV particles have five exposed lysines and eight or nine exposed carboxylates (from aspartic and glutamic acid residues) per asymmetric unit, (the asymmetric unit consists of one copy each of the L and S protein) (Fig. [1](#Fig1){ref-type="fig"}). This means that each particle should have 300 addressable amine and 480--540 addressable carboxyl groups per virus particle. There are also exposed tyrosines, but no cysteines. All the naturally occurring addressable groups have been exploited to produce chemically modified particles. Probably the most frequently utilised group has been the ε-amino group of surface-exposed lysines. Initial studies revealed that approximately 240 dye molecules could be attached per particle under forcing conditions (Wang et al. [@CR126], [@CR127]) suggesting that four of the five exposed lysines can be modified. The ability to modify lysine residues has since been extensively exploited for a number of purposes. The first example of this was reported by Raja et al. ([@CR80]) who derivatised the lysine residues of CPMV with polyethylene glycol (PEG). PEG is known to moderate the immune response to a particle, a phenomenon which may be of considerable use if plant viruses are to be used as novel vaccines. The reaction was shown to give conjugates with altered densities and immunogenicities, consistent with the known chemical and biological properties of PEG. These studies were subsequently refined by Steinmetz and Manchester ([@CR102]) who showed that only longer PEG chains effectively shield particles from interacting with cells or tissues. CPMV particles which have been fluorescently labelled at exposed lysines have been successfully used for high-resolution vascular imaging (Lewis et al. [@CR55]). This application makes use of the observations that CPMV particles are nontoxic and rapidly cleared when administered to mammals (Singh et al. [@CR93]) and the propensity of CPMV particles to bind to endothelium surface-expressed vimentin (Koudelka et al. [@CR51]). The exposed lysines have also been extensively used to couple biotin to the virus surface to enable the particles to bind to avidin (Medintz et al. [@CR70]; Steinmetz et al. [@CR103]) and this introduced binding ability has been exploited for the creation of supramolecular structures (see [Sect. 4.1.2](#Sec22){ref-type="sec"}). Lysines have also been modified with ferrocenecarboxylate to produce redox-active nanoparticles bearing approximately 240 ferrocene moieties per particle (Steinmetz et al. [@CR104]). Electrochemical measurements showed that the multiple, redox-active, organometallic centres behave as electronically isolated units. These studies have subsequently been refined and the effect of the length of the linker between the virus surface and the ferrocene on the properties of the resulting particles assessed (Aljabali et al. [@CR1]) (Fig. [3](#Fig3){ref-type="fig"}); the ability to vary this length will be of importance in the design of CPMV-based bioelectronic components and devices. The redox-active particles resulting from these studies may lead to the development of electron-transfer mediators in redox catalysis, amperometric biosensors, and eventually to nanoelectronic devices such as molecular batteries.

A further refinement of the use of addressable lysines has been the combination of their modification with advanced conjugation chemistries such as Cu(I)-catalysed azide-alkyne1,3-dipolar cycloaddition (CuCAAC) reactions ("click" chemistry). Click reactions are a particularly useful strategy for bioconjugation because of their specificity (Strable and Finn, [@CR113]). This approach has been used to attach a variety of molecules, including fluorescent dyes (Meunier et al. [@CR71]; Sen Gupta et al. [@CR89]), metal complexes (Prasuhn et al. [@CR78]), sugars and polymers (Sen Gupta et al. [@CR89], [@CR90]; Kaltgrad et al. [@CR42]; Astronomo et al. [@CR3]), fullerenes (Steinmetz et al. [@CR111]) and chemically sensitive RNA fragments (Hong et al. [@CR39]), to the surface of CPMV. The use of this bioorthogonal ligation chemistry with polyvalent display of carbohydrates on the virus surface is an efficient method for the production of anti-glycan polyclonal antibodies with the potential for applications in diagnostics and immunotherapeutics (Kaltgrad et al. [@CR42]).

Though for many purposes modification of the majority of the lysine residues on the CPMV surface is appropriate, others require a greater degree of selectivity. To investigate the reactivity of the various lysines and to examine the possibility of selectively removing some of them, Chatterji et al. ([@CR14]) created a series of mutants in which the exposed lysines were substituted with arginines. The results showed that all the lysine residues identified as being exposed are, indeed, addressable and contribute to the overall reactivity of the virus particles. The ability of particles in which all but one of the exposed lysines had been eliminated to allow highly specific attachment of a foreign entity was demonstrated by reacting two mutants, each with a single lysine per asymmetric unit, with monosulfo-NHS-Nanogold followed by cryo-electron microscopy of the resulting conjugates. The electron density of the gold particles corresponded only to the position of single remaining lysine residue which differed in the two mutants (Chatterji et al. [@CR14]).

As an alternative to addressing lysines, Steinmetz et al. ([@CR105]) demonstrated that it is possible to couple the redox-active compound viologen via the surface-exposed carboxyl groups of aspartic and glutamic acids. Though examination of the virus surface indicated that each particle should have 480--540 addressable carboxyl groups only 180 viologen moieties per particle were added. Carboxylates have also been used to introduce ferrocenes (Aljabali et al. [@CR1]) (Fig. [3](#Fig3){ref-type="fig"}). The aromatic side-chain of surface-exposed tyrosine residues has also been investigated as an alternative to the more traditional sites for modification. Using the tripeptide NH2-Gly--Gly-His-COOH (GGH) in the presence of nickel acetate and magnesium monoperoxyphthalate, dityrosine crosslinks were introduced into the virus capsids and the procedure could also be used to make covalent attachments to the virion by trapping with a functionalised disulfide (Meunier et al. [@CR71]). It is also possible to simultaneously address different functionalities of the CPMV surface. Recently, Brunel et al. ([@CR10]) have developed a hydrazone ligation strategy to produce targeted CPMV particles which display 133 copies of the VEGFR-1 ligand, 55 copies of a PEGylated peptide, and a total of 188 fluorescent dyes on the virus surface.

In addition to utilising naturally occurring amino acids on the CPMV surface, additional reactive sites can be introduced by mutagenesis. Thiol-addressable CPMV mutants with cysteine residues on the exterior surface were generated by insertion of cysteine residues at specific points on the virus surface (Wang et al. [@CR128]). The mutant particles reacted with monomaleimido-Nanogold and the derivatised particles imaged by cryo-electron microscopy. The gold particles could clearly be seen at the positions of the inserted cysteine residues, demonstrating that the CPMV particle can function as a convenient and programmable platform for chemical reactions (Wang et al. [@CR128]) (Fig. [4](#Fig4){ref-type="fig"}). Gold nano-particles attached to the surface of cysteine-substituted CPMV particles have been interconnected using molecular wires to create a 3-D conducting network (Blum et al. [@CR7]). The cysteine-substituted mutants have also proved useful for the conjugation of a number of other moieties (Strable and Finn [@CR113]). The presence of genetically introduced cysteine residues has, however, been found to promote aggregation of the virus, making preparations difficult to store and handle. To overcome this problem, a method of chemically introducing thiol groups has been developed by coupling the versatile, thiol-protected, *N*-succinimidyl-S-acetylthiopropionate to surface lysines. On deprotection, the thiol groups are reactive but the particles do not aggregate over several weeks (Steinmetz et al. [@CR106]). A more complete description of the modifications which have been chemically introduced on CPMV particles can be found in Steinmetz and Evans ([@CR101]) and Strable and Finn ([@CR113]).

All the studies described above have been conducted using particles, either wild-type or genetically modified, produced by the infection of plants. Approximately 90% of the particles produced in this way contain either RNA-1 or RNA-2 and the preparations retain their ability to infect plants and spread in the environment. In addition, while CPMV RNAs have not been shown to be capable of replication in mammalian cells, uptake of particles does occur both in vitro and in vivo (Steinmetz et al. [@CR109]), raising biosafety concerns. To address these issues, there have been attempts to inactivate or eliminate the viral RNAs within CPMV preparations either by irradiation with ultraviolet light (Langeveld et al. [@CR54]; Rae et al. [@CR79]) or chemically (Ochoa et al. [@CR73]; Phelps et al. [@CR74]). However, these processes have to be carefully monitored as they risk altering the structural properties of the particles and require that the virus retains its functionality to infect and spread in plants. The recent observation that co-inoculation of plants with the VP60 precursor to the L and S coat protein and the 24K viral proteinase results in the production of empty (RNA-free) CPMV capsids (Saunders et al. [@CR87]) suggests a way around this problem. Thus many future studies involving the modification of the outer surface may well be conducted using particles produced in this manner rather than by infection. Furthermore, the empty particles produced in this manner could potentially be loaded with foreign "cargo" (see [Sect. 3.1.5](#Sec16){ref-type="sec"}).

### Cowpea Chlorotic Mottle Virus {#Sec5}

Cowpea chlorotic mottle virus (CCMV) is a tripartite virus which has a capsid that consists of 180 identical coat protein subunits which form a spherical particle 28 nm in diameter. The CCMV capsid displays addressable lysines and carboxylates derived from aspartic and glutamic acid. Amine and carboxy-selective chemistry has been used to selectively attach fluorescent dyes to the virus surface, with approximately 540 lysine residues and 560 carboxylates being addressable (Gillitzer et al. [@CR36]). It also proved possible to genetically introduce two solvent-exposed cysteines per CP into the virus capsid. Probing the resultant particles with thiol-selective dyes showed that approximately a third of the introduced thiols could be addressed. Subsequently a large diversity of ligands including fluorescent dyes, an organometallic photosensitiser, biotin, small peptides and even intact IgG antibodies can be effectively chemically linked to the exterior surface of CCMV, clearly illustrating that chemical modification is a generic approach to surface modification of the virus capsid (Gillitzer et al. [@CR36]; Suci et al. [@CR116], [@CR117]). Further details of the chemical attachment of molecules to the surface of CCMV can be found in Steinmetz and Evans ([@CR101]) and Young et al. ([@CR132]).

A particular advantage of CCMV is the ability of the coat proteins subunits, isolated either from virus particles or through the expression of the CCMV coat protein in heterologous expression systems, to assemble into VLPs in vitro. Using this ability, a method has been developed that allows hybrid CCMV particles containing differentially modified subunits to be produced through mixed self-assembly (Gillitzer et al. [@CR37]). To achieve this, CCMV particles were independently decorated with two different types of ligands to generate two populations of labelled virions. The two types of particles were disassembled in vitro and the resulting subunits separately purified. Reassembly was performed using varying ratios of the two types of subunits, thereby controlling the stoichiometries of the two ligands on the final assembled virions (Fig. [5](#Fig5){ref-type="fig"}).

### Turnip Yellow Mosaic Virus {#Sec6}

Turnip yellow mosaic virus (TYMV) is the type member of the genus *Tymovirus*. Virions consist of 180 identical coat protein subunits per particle; however only 60 lysines per virus particle (one per 3 subunits) could be readily addressed using standard reagents (Barnhill et al. [@CR5]). In addition, 90--120 carboxyl groups, located in the most exposed region of the coat protein, could also be modified.

Rod-Shaped Viruses {#Sec7}
------------------

### Tobacco Mosaic Virus {#Sec8}

Particles of TMV consist of a single molecule of genomic RNA encapsidated by 2130 copies of the 17.5 kDa coat protein arranged with helical symmetry to form rigid particles 300nm in length. The subunits are largely α-helical, with the N- and C-termini being exposed on the outer virus surface. TMV is probably the highest yielding plant virus and thus its particles have attracted considerable interest for both peptide presentation via genetic modification and direct chemical modification. Most attempts to express foreign peptides via genetic fusion have focussed on the C-terminus of the coat protein in view of its exposed location. However, although TMV particles contain a large number of subunits, making the system potentially very attractive for peptide expression, it also creates a problem in that the subunits are very tightly packed, allowing little space on the virus surface for the expression of foreign sequences. A number of strategies have been developed to address this problem. Hamamoto et al. ([@CR38]) developed a TMV vector which permitted the synthesis of both native and C-terminally modified versions of the coat protein from the same viral RNA. This was achieved by engineering a leaky termination codon at the C-terminus of the coat protein gene. This system produced particles in plants in which up to 5% of the coat protein subunits were modified at their C-termini and has been used to express epitopes from several animal pathogens (Sugiyama et al. [@CR118]; Turpen et al. [@CR123]). Subsequently, by modifying the site of peptide insertion, TMV-based peptide presentation systems have been developed in which all the coat protein subunits could be modified to express foreign peptides without abolishing virus viability (Turpen et al. [@CR123]; Fitchen et al. [@CR31]). Using a similar approach, Koo et al. ([@CR50]) showed that mice immunised with a TMV chimaera expressing a peptide from the spike protein of the coronavirus, Murine hepatitis virus (MHV), were protected from subsequent challenge with the virus.

A problem with using direct fusions of peptides at or near the C-terminus of the TMV coat protein is that the size of inserts which can be tolerated seems to be quite small, the largest reported insert at this site being 23 amino acids (Bendahmane et al. [@CR6]). However, this problem can be alleviated by modifying the C-terminus of the coat protein. Werner et al. ([@CR129]) found that a functional fragment of protein A, 133 amino acids in length, could be displayed on the surface of a close relative of TMV, the tobamovirus Turnip vein clearing virus (TVCV), if the sequence was fused to the C-terminus of the coat protein via a 15-amino acid linker. The protein A fragment was able to bind IgG suggesting that the modified virus particles could be used to purify antibodies. Given the success of TMV-based systems for peptide presentation, there has been considerable interest in the commercial development of the technology. For a description of such developments, the reader is referred to recent reviews by McCormick and Palmer ([@CR69]) and Smith et al. ([@CR98]).

The outer surface of wild-type TMV particles is somewhat devoid of chemically reactive amino acids such as cysteine and lysine. However, Schlick et al. ([@CR88]) reported the derivatisation of exterior-exposed tyrosine residues with diazonium salts, resulting in an acetophenone-functionalised conjugate that could react with a wide range of other molecules including PEG monomethyl ethers. To overcome the lack of reactive amino acid chains on the virus surface, several mutants displaying reactive cysteine or lysine residues on the solvent-exposed exterior of the virus have been made, allowing decoration via thiol- or amine-selective chemistry (Demir and Stowell [@CR23]; Yi et al. [@CR130], [@CR131]). However, in many cases the presence of these added residues adversely affected virus yield. To counteract this, Smith et al. ([@CR96]) screened a random collection of TMV mutants which had an additional four amino acids, including a single lysine, inserted near the N-terminus of the coat protein. By selecting those mutants which grew well, the authors were able to identify a particular mutant which could be used for the chemical coupling of a variety of epitopes (McCormick and Palmer [@CR69]).

The external surface of TMV has also been used as a template for deposition reactions including the cocrystallisation of CdS and PbS, oxidative hydrolysis (iron oxides), and sol--gel condensation (SiO~2~) (Shenton et al. [@CR92]; Fowler et al. [@CR32]; Royston et al. [@CR84]) and for the creation of metal nanoparticles and nanotubes (Dujardin et al. [@CR28]; Knez et al. [@CR48]; Bromley et al. [@CR9]). Such tubes can be grown from deposited clusters of palladium, platinum and gold on the exterior TMV surface and result in a metallic coat on the virion that serves as a basal layer for electroless deposition of other metals including nickel and cobalt. Royston et al. ([@CR83]) reported the deposition of nickel and cobalt on the exterior surface of the virus to create metallic coatings up to 40 nm in thickness. When the nickel-coated virions were incorporated into a nickel--zinc battery system, the electrode capacity of the battery more than doubled. For a more detailed review the reader is referred to Evans ([@CR29]).

### Potato Virus X {#Sec9}

Potato virus X (PVX) has filamentous particles consisting of approximately 1260 coat protein subunits encapsidating a single RNA molecule. Though an atomic resolution structure of the coat protein subunits is not available, the overall architecture of the viral particles is known (Kendall et al. [@CR43]). It has proved possible to genetically fuse peptides to the surface- exposed N-terminus of either a proportion of or all of the subunits. To achieve partial modification, the sequence of the FMDV 2A catalytic peptide was inserted between the peptide and the N-terminus of the coat protein (Santa Cruz et al. [@CR86]) such that both wild-type and N-terminally modified subunits can be produced from the same construct. This approach has the advantage that it potentially permits the expression of longer peptides, including whole proteins, than would be the case if all the subunits are modified. Using the ability of the 2A cleavage strategy to permit the fusion of whole proteins, Smolenska et al. ([@CR99]) expressed a single-chain antibody on the particle surface and showed that it retained its binding specificity. Carette et al. ([@CR12]) subsequently expressed the enzyme lipase B from *Candida antarctica* on the surface of the virus. These authors showed that the virus-anchored lipase molecules were catalytically active and suggested that it could act as an anchored biocatalyst.

Using an alternative approach of modifying all the subunits, Marusic et al. ([@CR68]) expressed a highly conserved hexapeptide epitope from gp41 of HIV-1 on PVX particles. Mice immunised with the chimaeric particles produced high levels of HIV-1-specific IgG and IgA. To determine the rules which govern the peptides that could be successfully propagated as fusions to the N-terminus of the PVX coat protein, Lico et al. ([@CR56]) undertook a detailed analysis of a large number of PVX chimaeras with N-terminal extensions of different lengths and amino acid composition. The results showed that the isoelectric points and tryptophan content of the inserted peptides had a profound influence on the growth of the chimaeras; this knowledge has subsequently been exploited to produce chimaeras in a predictable manner (e.g., Lico et al. [@CR57]). However, there do appear to be occasions when modification of all the subunits is less successful than the partial modification strategy even for short peptides (Uhde-Holzem et al. [@CR124]).

To examine the possibility of chemically modifying PVX, Steinmetz et al. ([@CR112]) conducted a detailed study of the reactivity of functional groups present on the surface of the particle. Each of the 1260 PVX CP subunits contains 11 lysine residues, 10 aspartic acid residues and 10 glutamic acid residues, all of which could potentially be modified if they were surface-exposed. In addition, the subunits of some strains of PVX are glycosylated, and the glycan moieties are also potential targets for chemical modification. Preliminary data indicated that none of the carboxylates were addressable under the conditions used and that the coat protein of the particular strain of PVX used for the experiments was not glycosylated. By contrast, lysine residues could be modified with an average of just over one lysine per subunit being modified. The utility of lysine residues for the introduction of PEG molecules of differing sizes and participation in click chemistry was subsequently investigated (Fig. [6](#Fig6){ref-type="fig"}).

Utilising the Interior of Plant Virus Particles {#Sec10}
===============================================

The interiors of plant virus capsids potentially provide a nanosize environment for the packaging of foreign materials. There are essentially two approaches that can be taken to encapsulate foreign molecules within the capsid. In the first approach, the foreign molecules are incorporated into the particles during the capsid assembly process. In the second, the foreign molecules are introduced into preassembled particles. Most research has concentrated on utilising the enclosed space of a variety of icosahedral viruses; however the internal channel of TMV, which is open at both ends, has also be used for some specific purposes. In yet another type of application, the ability of the virus coat protein to package specific RNA molecules has been exploited.

Icosahedral Viruses {#Sec11}
-------------------

### Cowpea Chlorotic Mottle Virus {#Sec12}

The plant virus which has been most extensively used for interior modification is CCMV. Empty (RNA-free) particles of CCMV can be produced in vitro through the assembly of coat protein subunits. CCMV particles have a particular advantage for the encapsulation of foreign molecules as they undergo a pH- and cation-dependent structural transition that can be used to control the loading and release of such material. At pHs above 6.5 and in the absence of divalent cations, the CCMV capsid undergoes a reversible swelling which increases the diameter of the particles by about 10% and leads to the formation of 60 pores (Speir et al. [@CR100]). The interior surface of wild-type particles carries a high positive charge density due to the presence of nine basic residues (arginine and lysine) in the amino-terminal region of each subunit. These positively charged residues normally interact with the negatively charged viral RNA. The positively charged interior surface and the availability of pores have been used to promote mineralisation within the preformed capsid to produce defined inorganic nanoparticles of anionic polyoxometallate salts (Douglas and Young [@CR25]) or titania particles (Klem et al. [@CR46]). The resulting nanoparticles were constrained in both size and shape by the interior dimensions of the CCMV virion. By a photoinitiated stepwise reaction, encapsulated precursor iron complexes within CCMV can be converted to monodisperse Prussian blue nanoparticles (de la Escosura et al. [@CR22]). Further, these CCMV-internalised Prussian blue nanoparticles can be organised on mica and other substrates, assisted by the propensity of CCMV to self-assemble into hexagonal patterns, opening the way for exploitation of their magnetic and optical properties. Using heterologous expression, it has proved possible to produce CCMV particles with an altered interior charge. When the interior was made acidic, it proved possible to catalyse the formation of cationic transition metal oxides inside the particles when they were incubated with the appropriate cations (Douglas et al. [@CR26]). In an alternative approach, the endogenous calcium-binding sites present at the interface of the coat protein subunits in the assembled CCMV capsid were used to bind up to 180 gadolinium (Gd^3+^) ions (Liepold et al. [@CR58]). The binding of Gd^3+^ ions to the CCMV capsid results in particles which are paramagnetic and which have potential as MRI contrast agents in vivo.

The CCMV capsid has also shown to be capable of packaging enzymes and polymers. Comellas-Aragonès et al. ([@CR19]) demonstrated that one horseradish peroxidase (HRP) molecule, which is about 40 kDa, could be packaged within the CCMV capsid during an in vitro assembly reaction. The packaged HRP remained enzymatically active and substrate accessibility could be modulated by the pH-dependent swelling that CCMV capsids undergo. This result suggests that it may be possible to design nanoreactors based on controlled substrate access to encapsulated enzymes. Subsequently, it was shown (Comellas-Aragonès et al. [@CR20]) that the synthetic polymer, polystyrene sulfonate, can be incorporated within capsids which were modified with PEG on their external surface. Most recently, a strategy has been developed for the self-assembly and loading of CCMV capsids using DNA amphiphiles. The amphiphiles aggregate into micelles with a hydrophobic core and an anionic DNA corona; these negatively charged particles induce capsid formation. By either hybridizing small molecules onto the micelles or incorporating them into the core, co-packaging of various small compounds can be achieved (Kwak et al. [@CR53]). It is anticipated that after further development such nanocarriers may act as high-impact drug delivery systems.

Another potentially useful feature of CCMV is the ability of its coat protein to assemble into structures distinct from the normal virion. For example, it is possible to produce particles containing 60 or 120 subunits, as opposed to 180, by making deletions in the N-terminus of the coat protein (Tang et al. [@CR120]). In an even more dramatic illustration, DNA has also been shown to nucleate the assembly of tube-like structures composed of CCMV coat protein dimers (Mukherjee et al. [@CR72]).

### Brome Mosaic Virus {#Sec13}

Brome mosaic virus (BMV) is in the same genus as CCMV and BMV particles have similar structure and properties. BMV coat protein has been shown to be able to assemble around preformed gold nanoparticles provided there is a citrate layer between the gold and the protein surface (Dragnea et al. [@CR27]). The encapsulation efficiency of the gold nanoparticles could be improved by coating them with carboxyl terminated polyethylene glycol (Chen et al. [@CR15]); the size of the resultant capsid was found to be influenced by the diameter of the nanogold particle (Sun et al. [@CR119]). Quantum dots have also been encapsulated within BMV particles using in vitro assembly reactions (Dixit et al. [@CR24]). Fluorescence measurements of the material suggested that viral particles containing encapsulated quantum dots could be developed into high-performance luminescent probes. Using a similar approach, Huang et al. ([@CR40]) assembled BMV capsids around iron oxide nanotemplates. When the iron oxide core was larger than the inner cavity of native BMV, capsids larger than native BMV particles were obtained. The particles containing the iron oxide were superparamagnetic, suggesting that they could have applications in magnetic imaging and biosensing.

### Red Clover Necrotic Mosaic Virus {#Sec14}

Red clover necrotic mosaic virus (RCNMV) is a bipartite RNA virus which has particles consisting of 180 identical subunits arranged with icosahedral symmetry and with a diameter of approximately 36 nm. Virus particles are stabilised by an internal protein-RNA cage and their assembly is initiated with the recognition of an origin of assembly site on the viral RNA by the CP (Sit et al. [@CR94]). By attaching an artificial origin of assembly sequence to a gold nanoparticle, it proved possible to achieve the in vitro encapsulation of the gold particle by the viral CP (Loo et al. [@CR65], [@CR66]). Using this approach, it proved possible to encapsulate a range of gold core sizes. As suggested for BMV, the resultant material could be used for biosensing purposes and RCNMV has been proposed as a targeted particle for cancer treatment (Franzen and Lommel [@CR34]).

### Hibiscus Chlorotic Ringspot Virus {#Sec15}

Hibiscus chlorotic ringspot virus (HCRSV) is a member of the genus *Carmovirus*. Virions have 28 nm particles which consist of 180 identical coat protein subunits; empty particles can be produced by the disassembly/reassembly of virions. Anionic polymers, such as polystyrenesulfonic acid and polyacrylic acid, but not neutrally charged dextran molecules, could be successfully loaded into these empty particles (Ren et al. [@CR81]). Ren et al. ([@CR82]) made use of this phenomenon to co-encapsulate the anti-cancer drug doxorubicin with polystyrenesulfonic acid into HCRSV particles. To target the particles to cancerous cells, folic acid was conjugated to lysine residues on the outer virus surface. The resultant particles improved the uptake and cytotoxicity of doxorubicin to ovarian cancer cells suggesting that modified plant virus capsids may provide the basis for targeted drug delivery in cancer chemotherapy.

### Cowpea Mosaic Virus {#Sec16}

Until recently the interior cavity of CPMV particles has not been amenable to loading with foreign molecules as no in vitro assembly system has been available and the production of virions via the infection of plants results in the majority of particles containing the viral RNA. An initial attempt to produce RNA-free, loadable particles involved treating wild-type CPMV at high pH to eliminate the encapsidated virion RNAs (Ochoa et al. [@CR73]). The potential utility of the resultant RNA-free particles was demonstrated by showing that cysteine residues on the inner capsid surface, which are normally occluded by the viral RNA, could now be labelled with a reporter dye. The alternative approach of producing empty particles within plants by the co-expression of VP60 and the 24K proteinase (Saunders et al. [@CR87]) has recently been shown to be able to produce particles which are capable of being loaded with cobalt or iron oxide (Aljabali et al. [@CR2]). The presence of the metal within the particles allows them to be visualised by electron microscopy in the absence of negative stain. Importantly, the external surface amino acids of the loaded-virus capsid remain amenable to chemical modification (Fig. [7](#Fig7){ref-type="fig"}). The ability to both encapsulate materials, such as drugs and nanoparticles, within the capsid and to chemically modify the outer surface, opens up routes for the further development of these systems for the targeted delivery of therapeutic agents.

The ability of CPMV to encapsidate different lengths of RNA has been exploited to render heterologous RNA highly resistant to degradation. It had previously been observed that RNA-2-containing particles can accommodate RNA-2 molecules with additional lengths of heterologous sequence. These observations have been used to design modified versions of RNA-2 harbouring pathogen-specific sequences that can act as positive controls in highly sensitive real-time PCR-based diagnostic reactions (King et al. [@CR44]).

Rod-Shaped Viruses {#Sec17}
------------------

### Tobacco Mosaic Virus {#Sec18}

TMV particles are hollow cylinders with an internal diameter of 4 nm. The interior channel is lined with aspartic and glutamic acid residues and these have been labelled with a variety of small molecules, such as biotin, using carbodiimide coupling reactions (Schlick et al. [@CR88]). Nanowires consisting of bimetallic alloys of CoPt, CoPt~3~ and FePt~3~ with lengths up to 100 nm and 4 nm diameter have been synthesised within the TMV capsid channel (Tsukamoto et al. [@CR122]) and the formation of small isolated nanoparticles of silver and nickel within the channel has also been reported (Dujardin et al. [@CR28]). Copper nanowire of 3 nm diameter and up to 150 nm length can be formed within the internal channel by electroless deposition (Balci et al. [@CR4]). Further, judicious choice of reaction conditions enables the channel to be filled with rod-shaped nickel or cobalt nanoparticles or with nickel or cobalt wires of 3 nm width and lengths of several hundred nanometres (Knez et al. [@CR47]) (Fig. [8](#Fig8){ref-type="fig"}). Lengths greater than the virion length of 300 nm can be achieved, as the virion has a tendency to aggregate end-to-end, often reaching several micrometres.

The encapsidation of TMV RNA by its coat protein is known to proceed from a defined sequence on the viral RNA, the origin of assembly. It has been known for some time that attachment of this sequence to a heterologous RNA will promote encapsidation of the foreign RNA by the coat protein (Gallie et al. [@CR35]). Smith et al. ([@CR97]) exploited this phenomenon to deliver RNA encoding the non-structural proteins from Semliki forest virus into mammalian cells. They showed that the encapsidated RNA was uncoated, translated within the cells and stimulated an immune response in mice.

Creating Supramolecular Structures {#Sec19}
==================================

A major aim of nanotechnology is to incorporate nano-sized components into small-scale devices. In the case of virus-based bionanotechnology, this involves the incorporation of modified viruses or virus-like particles into supramolecular structures, often by binding the particle to surfaces. An early example of the incorporation of a plant virus into a supramolecular structure was reported by Lvov et al. ([@CR67]) who incorporated the icosahedral particles of Carnation mottle virus (CarMV), the type member of the genus *Carmovirus*, into an alternating multilayered thin film. With the advent of methods for the genetic and chemical modification of particles, the range of structures that can be built up has steadily become more sophisticated.

Icosahedral Viruses {#Sec20}
-------------------

### Cowpea Chlorotic Mottle Virus {#Sec21}

CCMV particles have been immobilised on to surfaces with a view to constructing arrays. Immobilisation was achieved by either adsorption of cysteine-containing CCMV particles on to a gold surface (Klem et al. [@CR45]) or via electrostatic interactions of the negatively charged capsids on to positively charged surfaces (Suci et al. [@CR114], [@CR115]). Furthermore, multilayers consisting of CCMV particles immobilised on a solid support can be constructed using electrostatic interactions or the biotin--streptavidin interaction. The ability to construct thin films of CCMV could be coupled with the multivalent display of various molecules on the capsid surface and with the ability of the virus to encapsulate and release materials from the capsids in a pH-dependent manner. This could potentially lead to the development of semi-permeable functionalised membranes or controlled release coatings.

### Cowpea Mosaic Virus {#Sec22}

The first approach to the incorporation of modified CPMV particles into a larger structure involved immobilising particles expressing histidine residues (Medintz et al. [@CR70]). In addition to producing continuous layers, single virus particle arrays have also been constructed (Cheung et al. [@CR16], [@CR17], [@CR18]; Smith et al. [@CR95]). Techniques such as microcontact patterning or scanning- and dip-pen nanolithography have been used to generate patterns of functional groups on solid supports that can subsequently be used for binding of the viral particles (Smith et al. [@CR95]).

CPMV can be crystallised leading to the formation of 3-D arrays with ordering to near atomic precision. These crystals contain large solvent channels which can potentially be exploited to allow the diffusion of materials into the crystal interior. The channels have been utilised for confined and regular growth of metals such as palladium and platinum (Falkner et al. [@CR30]). After stabilising the crystals by glutaraldehyde cross-linking, they were exposed to solutions that led to the formation of Pd and Pt within the crystal. Transmission electron microscopy studies confirmed that the formation of the metals was confined to the channels.

An alternative method of creating 3-D structures is to build up successive 2-D structures using a layer-by-layer (LbL) approach. To test the feasibility of this with CPMV, particles were covalently labelled with two different ligands: biotin to allow self-assembly via interaction with streptavidin, and fluorescent labels to enable the particles to be imaged (Steinmetz et al. [@CR103]). Attachment of the different functionalities was achieved via the modification of lysine side chains. The immobilisation of the CPMV particles on a solid support was achieved using either direct binding of cysteine-added mutants to a gold surface or indirectly by binding biotinylated particles mediated via streptavidin. To follow the LbL assembly, biotinylated particles were labelled with different dye molecules. Fluorescence microscopy imaging of the CPMV arrays was consistent with successful binding of successive layers of virus particles (Fig. [9](#Fig9){ref-type="fig"}). To study the properties of the multilayers, CPMV LbL assembly was followed in real time and in situ using quartz crystal microbalance with dissipation monitoring (QCMD; Steinmetz et al. [@CR107]). In particular, the effect of modifying the density of biotin molecules attached via longer and shorter linkers to the virus surface was investigated. These studies revealed that a more regular and densely packed array was produced when CPMV particles displaying a high number of biotin labels attached via the longer linker were assembled. It has also proved possible to build up multilayers of CPMV particles utilising electrostatic interactions (Steinmetz et al. [@CR108]). Ultrathin films of alternating layers of anionic and cationic polyelectrolytes were built up from a solid surface, by a LbL approach, finishing with a cationic layer. Negatively charged sphere-like CPMV particles were then immobilised on the polyelectrolyte surface. Additional layers of polyelectrolyte-CPMV-polyelectrolyte can readily be introduced (Fig. [10](#Fig10){ref-type="fig"}). The incorporation of functionalised virus nanoparticles and polyelectrolytes should lead to new routes for the construction of nano-structured tunable films.

Rod-Shaped Viruses {#Sec23}
------------------

### Tobacco Mosaic Virus {#Sec24}

The adsorption properties of TMV on various surfaces such as gold, mica, glass and silicon wafers have been investigated (Knez et al. [@CR49]) and a technique for rapid and large scale assembly of thin film coatings and ordered fibres consisting of aligned TMV particles has also been reported (Kuncicky et al. [@CR52]). Yi et al. ([@CR130], [@CR131]) partially disassembled the coat protein from TMV particles to expose the RNA at the 5′ end of the rods. Oriented assembly of TMV on solid supports was then achieved in a controlled manner via nucleic acid hybridisation using complementary oligonucleotides and the immobilisation of fluorescently labelled TMV onto electrodes was also demonstrated. Furthermore, by using differentially labelled TMV particles and a micropatterned substrate, a patterned TMV microarray has been constructed. Attempts to incorporate TMV particles into multilayers using electrostatic interactions revealed that, unlike the spherical CPMV particles, the rods floated on top of the structures (Steinmetz et al. [@CR108]).

Conclusions {#Sec25}
===========

The past two decades have seen tremendous advances in the manipulation of plant virus particles, both genetically and chemically, and the investigations into the potential uses to which such modified particles can be put. However, at present all studies have been conducted at an academic level. Thus, a major challenge in the future will be the deployment of the technical advances in both the biotechnology and nanotechnology fields. For example, although it has been demonstrated that chimaeric plant virus particles can stimulate protective immunity in experimental animals, this technology has not been approved for use outside the laboratory. The same is true for the potential imaging agents based on the incorporation of foreign materials within particles. In a similar way, a major step in the adoption of plant virus particles in nanotechnology will require the demonstration that some type of device with unusual or highly desirable properties can be produced cost-effectively.
